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Two new reports on serine recombinases, one of a crystal snapshot in an alternate rotational conformer
poised for DNA cleavage (Keenholtz et al., 2011), and a second employing single-DNA molecule approaches
(Bai et al., 2011), provide strong support for the subunit rotation model for exchanging DNA strands.Figure 1. Processive DNA Exchanges by Bxb1 Integrase
(A) Topological changes accompanying processive recombination between two plasmids by Bxb1 inte-
grase (Bai et al., 2011). One plasmid contains the attP recombination site and the other contains attB.
A single round of recombination generates a recombinant circle with hybrid recombination sites attR
and attL. A second DNA exchange prior to ligation regenerates attP and attB but results in singly catenated
parental circles. Additional DNA exchanges result in alternating knotted recombinant circles and cate-
nated parental circles of increasing topological complexity. Each DNA exchange can be modeled as
a 180 rotation of DNA strands after double strand cleavages at the center of attP and attB. Long-term
reactions with Bxb1 integrase produce knotted recombinant products containing 3 to 17 nodes; for
Bxb1 integrase, ligation products generating attR and attL are not substrates for additional reactions
without an auxiliary protein, and thus, reactions terminate at knotted products. Supercoils are not shown
for simplicity.
(B) Single-DNA molecule reactions with Bxb1 integrase demonstrate processive rotations (Bai et al.,
2011). An 11.4 kb DNA containing attP and a paramagnetic bead on one end were tethered to a flow
cell. Integrase plus attB-containing DNA fragments were added, and supercoils were introduced by
rotating the bead with magnets. Synapsis of attP x attB and cleavage of both recombination sites resulted
in the rapid loss of all supercoils (within 0.25 s), and the tethered DNA remained rotationally open for
minutes.Serine recombinases are a large and
diverse family of DNA-exchanging en-
zymes that promote sequence-specific
DNA deletion, inversion, integration, and
transposition (Grindley et al., 2006). Two
features of serine recombinases provided
early clues into their reaction mechanism.
The first is that they generate double
strand breaks at the center of both recom-
bination sites as an intermediate in DNA
exchange (Reed and Moser, 1984). The
50 cleaved end of the DNA becomes
covalently linked to the recombinase via
a phosphoserine bond, leaving a 2 base
30 extension that terminates with an OH
on all four DNA strands. This fundamen-
tally differs from recombinases, which
employ a tyrosine nucleophile at their
active site, such as Cre, FLP, and phage
lambda integrase, and which recombine
DNA via sequential breaking and joining
of single strands to generate a Holliday
structure intermediate.
A second key observation came from
studies that followed DNA topological
changes: resolvases, including Sin,
generate singly linked catenated deletion
products, and inversion of DNA by inver-
tases causes the loss of four negative
supercoils. Taking into account DNA
crossings (nodes) introduced during
assembly of the respective recombination
complexes, a single recombination event
could be modeled as a 180 rotation of
one pair of cleaved DNA ends around the
other. Under certain conditions, however,
recombination products of increasing
topological complexity form. These could
be explained by multiple 180 rotations
or processive DNA exchanges occurring
prior to ligation (Heichman et al., 1991; Ka-
naar et al., 1990; Stark et al., 1989; Was-
serman et al., 1985). Figure 1A illustrates
the topological consequences of proces-
sive rotations for a reaction between twocircular DNAmolecules byBxb1 integrase
(Bai et al., 2011). Because the recombi-
nase subunits are covalently associated
with the DNA ends, it was argued that
the subunits must be rotating within the
recombination complex.
The proposal that the subunits could be
switching positions within a recombinase
complex was met with considerable
skepticism. How could such movements
occur in the context of a protein tetramer,Structure 19, June 8, 2011and what could be holding the units
together as they rotate around? Structural
biologists felt that a subunit rotationmodel
was implausible, and geneticists argued
that this would be far too dangerous for
the cell because of the potential for
creating broken chromosomes.
More recently, a series of experiments
with different serine recombinases
pointed to the recombining DNAs being
located on the outside of the tetramericª2011 Elsevier Ltd All rights reserved 751
Figure 2. Different Rotational Conformations of Serine Recombinase Tetramers
The new Sin structure is represented as the starting tetramer conformation poised for DNA cleavage, in which the antiparallel E a helices from each rotating
subunit pair are oriented at an 50 angle (Keenholtz et al., 2011). An 35 clockwise rotation generates the conformer described by Li et al. (2005) for gd re-
solvase (pdb code 1ZR4), in which the E helices from subunit pairs are at 85 crossing angle. An additional 90 rotation generates the ‘‘E-helix aligned’’
conformer trapped by crosslinking of residues on the E helix (Dhar et al., 2009). Another 55 rotation completes one round of subunit exchange and aligns
the DNA strands for ligation in the recombinant configuration. The images are modeled from 1ZR4 with the long E helices highlighted, and the surface of the
catalytic domains rendered in the top panels. The top views are looking into the rotational interface, and the bottom views are rotated by 90 around the x axis.
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helical phasing experiments, in which
the relative orientation of resolvase di-
mers for successful synapsis was deter-
mined; (2) site-directed crosslinking ex-
periments, in which the initial synaptic
interface was localized to the sides of
the dimers opposite to the bound DNA;
and (3) low-angle X-ray and neutron scat-
tering experiments that provided the first
low resolution image of the synaptic com-
plex (reviewed in Grindley et al., 2006).
The ‘‘DNA-outside’’ architecture implies
that large movements would be required
to bring the DNA ends into proximity to
form recombinant joints, again in contrast
with tyrosine recombinases where the re-
combining DNA segments are localized
within the center of the complex.
Finally, Li et al. (2005) succeeded in
solving 3.4 A˚ and 3.9 A˚ crystal structures
of a hyperactive mutant of gd resolvase
that could form active synaptic com-
plexes without cofactors. The catalytic
domains of the two synapsing dimers
had assembled into a compact tetramer
with radically remodeled interfaces. As
predicted, the two recombining DNA seg-
ments, along with DNA-binding domains752 Structure 19, June 8, 2011 ª2011 Elsevieof the four recombinase subunits, were
located on the outside of the protein
core, and each subunit was covalently
joined to the cleaved DNA end by a serine
phosphodiester linkage (Figure 2). The
most revealing feature of these tetrameric
structures was that the newly synapsed
subunit pairs (purple-green and red-
yellow in Figure 2) were separated by a
flat and hydrophobic interface. This nearly
circular interface of 1000 A˚2 provides a
slippery surface or ‘‘molecular bearing’’
(Bai et al., 2011), whereby one synapsed
subunit pair could rotate around the other
without dissociating.
In this issue of Structure, a new high
resolution crystal structure of a tetramer
of a hyperactive mutant of Sin captures a
second rotational conformer, providing
the first direct crystallographic support
for rotational flexibility (Keenholtz et al.,
2011). Whereas X-ray structures of now
four tetramers of resolvase and one of
the phage TP901 integrase all have the
antiparallel E helices, which constitute
most of the interface between rotating
subunit pairs, oriented nearly perpendic-
ular to each other, the new Sin structure
contains the E helices oriented at a 50r Ltd All rights reservedangle (Figure 2, bottom). Time-resolved
site-directed crosslinking experiments
provide additional evidence for various
rotational intermediates during the DNA
exchange reaction as predicted by the
subunit rotation model (Dhar et al., 2009).
In addition to providing us with a snap-
shot of a second rotational conformer,
the new 1.86 A˚ Sin structure is also
revealing with respect to the chemistry
and control of the DNA cleavage step,
another long-standing mystery of serine
recombinases (Keenholtz et al., 2011).
Structures of gd and Sin dimers bound
to DNA have the active site serines in an
inactive conformation located far from
the scissile phosphodiesters. The resol-
vase tetramer structures containing DNA
are in a postcleavage state. Although the
Sin tetramer was not crystallized with
DNA, residues from each subunit that
are implicated by mutation studies to be
involved in DNA catalysis are organized
around a sulfate ion. These sulfates align
well with the scissile phosphates when
uncleaved bent DNA from the gd resol-
vase dimer structure is docked onto the
Sin tetramer, suggesting that this con-
former represents the activated tetramer
Structure
Previewspoised for DNA cleavage. The closer
spacing of active sites relative to all other
reported structures is due to both the
rotational substate and a different pack-
ing between the catalytic domains and
their respective E helices, which, in part,
enable formation of a conformationally
critical H-bond between highly conserved
residues on the E helix and in the active
site pocket. The molecular interactions
surrounding the active site enable Rice
and coworkers to propose a detailed
chemical mechanism for DNA catalysis.
Bai et al. (2011) are the first to apply
single-DNA molecule technology to visu-
alize subunit rotation by a serine recombi-
nase in real time (Bai et al., 2011). In their
initial approach, an 11.4 kb DNA contain-
ing one recombination site was tethered
to aglass slide ononeendandaparamag-
netic bead on the other, such that super-
coils could be introduced into the DNA
by rotating magnets (Figure 1B). Bxb1 in-
tegrase and DNA fragments containing
the second recombination site were
added to the flow cell and 25–30 super-
coils were introduced. Integrase was ob-
served to relax all the supercoils within
a timeframe of 0.25 s at 0.5 pN applied
force without releasing the tether. More-
over, the integrase complex remained
‘‘rotationally open’’ for minutes, as judged
by the inability to reintroduce stable
supercoils. A second approach involved
linking two DNA duplexes onto a single
magnetic bead and then braiding thetwo molecules around each other. Relax-
ing of braided supercoils can only occur
by double strand cuts in both DNA mole-
cules. Again, long-lived rotationally open
complexes formed that relaxed all the
supercoils. In a few cases, the DNA
duplexes were relegated and the synaptic
complex dissociated, leading to a recog-
nizable shift in bead extension; upon resu-
percoiling, these tethers supported an
additional relaxation reaction. Rotation
rates were calculated from each of these
experiments and found to be in the range
of 50–70 complete rotations per second
at a mild pulling force of 0.5 pN. The rate
is about half that measured for Topo V
and Vaccinia Topo 1B under similar con-
ditions, reflecting the presence of some
frictional drag over the rotating interface.
The apparent absence of rotational
gating by Bxb1, even in bulk solution
conditions, contrasts with the standard
reactions by resolvases or DNA inver-
tases that normally stop after the first
180 rotation. In the latter cases, features
of the elaborate synaptic complexes are
responsible for limiting subunit rotations.
In addition, molecular interactions built
into the tetrameric complexes may pro-
mote rotational stalling and subsequent
ligation at integral rotation steps, but
these are as yet poorly understood.
Nevertheless, the extremely processive
relaxation reaction revealed by the single
molecule experiments with Bxb1 inte-
grase provides considerable independentStructure 19, June 8, 2011support for the subunit rotation mecha-
nism. Other mechanisms for DNA ex-
change have been proposed, even in the
context of the tetrameric crystal struc-
tures, but all suffer from difficulties in
accounting for highly processive DNA
exchanges. After these latest papers, it
will be interesting to see if doubters
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